The ability to detect errors during cognitive performance is compromised in older age and in a range of clinical populations. This study was designed to assess the effects of transcranial direct current stimulation (tDCS) on error awareness in healthy older human adults. tDCS was applied over DLPFC while subjects performed a computerized test of error awareness. The influence of current polarity (anodal vs cathodal) and electrode location (left vs right hemisphere) was tested in a series of separate single-blind, Sham-controlled crossover trials, each including 24 healthy older adults (age 65-86 years). Anodal tDCS over right DLPFC was associated with a significant increase in the proportion of performance errors that were consciously detected, and this result was recapitulated in a separate replication experiment. No such improvements were observed when the homologous contralateral area was stimulated. The present study provides novel evidence for a causal role of right DLPFC regions in subserving error awareness and marks an important step toward developing tDCS as a tool for remediating the performance-monitoring deficits that afflict a broad range of populations.
Introduction
The ability to monitor ongoing performance for occasional errors is essential for adaptive functioning in everyday life. Although young healthy adults are typically good at detecting their errors and adjusting their behavior accordingly, this capacity declines with age (Rabbitt, 1990; Harty et al., 2013) and is also compromised in many clinical conditions (O'Keeffe et al., 2007; David et al., 2012) . The present study had the dual goals of establishing whether right DLPFC plays a causal role in supporting detection of performance errors ("error awareness") and evaluating the potential of transcranial direct current stimulation (tDCS) for remediating awareness deficits in older age.
Although there is a consensus across clinical, brain lesion, and neuroimaging studies that the capacity to monitor cognitive performance relies on a broadly distributed network of brain regions that includes prefrontal, parietal temporal, and insular cortices (Klein et al., 2007; ), the literature is divided regarding the relative importance of right DLPFC. On the one hand, several studies have demonstrated a strong association between poor awareness of cognitive functioning and hypoperfusion and hypometabolism of right DLPFC in neurodegenerative diseases, such as Alzheimer's disease and frontotemporal dementia (Reed et al., 1993; Starkstein et al., 1995; Antoine et al., 2004; Harwood et al., 2005; Mendez and Shapira, 2005) . Similarly, awareness of impairment in schizophrenia patients is correlated with right, but not left, DLPFC volume (Shad et al., 2004 (Shad et al., , 2006 . These findings are also consonant with structural and functional data pointing to a specific role of right lateral prefrontal regions in mediating metacognitive abilities in young healthy adults (Fleming et al., 2010 (Fleming et al., , 2012 De Martino et al., 2013) . On the other hand, a role for right DLPFC was not supported by a number of eventrelated imaging studies investigating functional activations associated with error awareness (Debener et al., 2005; Klein et al., 2007) .
The neural underpinnings of diminished error awareness in older age have not been established, but given that right DLPFC is one of the regions that undergoes the most volumetric changes with age (Hedden and Gabrieli, 2004; Raz, 2004) , it is a plausible candidate structure. tDCS represents a potentially powerful tool, not only for investigating the contribution of brain regions to specific cognitive functions, but also for developing interventions to ameliorate cognitive deficits (Schulz et al., 2013 ). Here we report the results of a Sham-controlled crossover design experi-ment in which we tested the prediction that tonically stimulating right DLPFC of healthy older adults with anodal tDCS would lead to a significant improvement in error awareness as measured by the error awareness task (EAT) . We also conducted two follow-up experiments to explore whether there was evidence of hemispheric and current polarity specific effects. One further replication experiment was additionally performed to assess the reliability of the findings in the original experiment.
Materials and Methods
Subjects. In total, 106 healthy older adults 65-86 years of age were recruited for four separate experiments. All subjects were right-handed, had no metal implants, had normal or corrected-to-normal vision, and had no history of seizures, color blindness, or neurological illness. All subjects were asked to refrain from consuming caffeine on the day of each testing session. Four subjects were excluded because their Mini-Mental State Examination (Folstein, 1975 ) score (Ͻ24) indicated possible cognitive impairment. Four subjects were excluded because their error awareness performance was at ceiling (100%) for the Sham condition, and two were excluded for excessively poor error awareness (Ͼ2.5 SD below sample mean). One further subject was excluded for failing to abstain from caffeine consumption. As a result, the sample for Experiment 1 consisted of 24 subjects (14 female) with a mean age of 72.13 years (SD 6.0 years, range 65-86 years); the sample for Experiment 2 consisted of 24 subjects (13 female) with a mean age of 69.41 years (SD 4.3 years, range 65-80 years); the sample for Experiment 3 consisted of 24 subjects (16 female) with a mean age of 69.71 years (SD 4.2 years, range 65-84 years); and the sample for Experiment 4 consisted of 24 subjects (13 female) with a mean age of 72.08 years (SD 5.7 years, range 65-83 years).
Procedures were approved by the ethical review board of the School of Psychology, Trinity College Dublin in accordance with the Declaration of Helsinki. Safety procedures based on noninvasive brain stimulation approaches were adopted (Poreisz et al., 2007; Rossi et al., 2009) , and all subjects provided informed consent before the beginning of the experiment.
EAT. The EAT Murphy et al., 2012 ) is a Go/ No-go response inhibition task in which subjects are presented with a serial stream of single-color words, with congruency between the semantic meaning of the word and its font color manipulated across trials. Subjects were trained to respond with a single-speeded left mouse button press in situations where the meaning of the word and the font color in which it was presented were congruent (Go trial) and to withhold this response when either of two different scenarios arose: (1) when the word presented on the current trial was the same as that presented on the preceding trial (Repeat No-go trial), and (2) when the meaning of the word and its font color did not match (Stroop No-go trial) . In the event of a commission error (failure to withhold to either of these No-go trials), subjects were trained to signal their "awareness" by making a speeded right mouse button press. In these instances, they were not required to respond to the subsequent standard Go-trial, which was rendered irrelevant to guard against the possibility that some errors may fail to reach awareness because ongoing processing has been interrupted by the onset of another stimulus (Rabbitt, 2002) .
Although previous work has demonstrated that performance accuracy and awareness rates are uncorrelated on the EAT (O'Connell et al., 2009), we used an adaptive staircase approach to maintain accuracy at a constant level to fully exclude the possibility that any observed changes in error awareness might be driven by an increase or decrease in the number of errors actually committed. In this approach, task difficulty is adaptively modified by varying the duration of stimulus presentation based on the subjects' accuracy over the preceding 40 trials. The first 40 stimuli of the task are always presented for 750 ms with an interstimulus interval (ISI) of 1250 ms. The stimulus duration subsequently remains at 750 ms so long as accuracy on the previous 40 trials was between 50% and 60%. If accuracy exceeds 60%, the stimulus duration and ISI are set to 500 ms and 1500 ms, respectively, for the subsequent 40 trials. If accuracy fell to Ͻ50%, the stimulus duration and ISI are both set to 1000 ms. This evaluation and task adjustment occur every 40 trials thereafter. In a previous study, we have demonstrated that this adaptive staircase approach is successful in matching accuracy levels across young and older adults (Harty et al., 2013) . All subjects performed five blocks of the task, consisting of 225 word presentations, 200 of which were Go trials and 25 of which were No-go trials (13 Repeat and 12 Stroop). Stimuli appeared 0.25°over a white fixation cross and on a gray background. The duration of each block was 7.5 min after which the subject rested for 1 min. Stimulus presentation was controlled by Presentation software (Neurobehavioural Systems). It was ensured that all subjects were well practiced and fully understood the requirements of the task before they began their first block of each testing session.
tDCS. Stimulation was delivered by a battery-driven DC Brain Stimulator Plus (NeuroConn), through a pair of 35 cm 2 saline-soaked sponge electrodes. Current strength was 1 mA in all experiments. This produced current densities of 0.028 mA/cm 2 at the skin surface of the scalp. In all four experiments, subjects underwent both Real and Sham tDCS in a single-blind, crossover manner. The order of the Real and Sham tDCS conditions was randomized, counterbalanced, and separated by a minimum of 6 d to reduce the risk of carryover effects. For the Real stimulation conditions, tDCS was applied for the duration of each of the five blocks of the EAT (5 ϫ 7.5 min) with a ramping period of 20 s at the onset and offset. No stimulation was applied during the rest periods between blocks. For the Sham conditions, the same electrode montage was used, but tDCS was only applied for 20 s at the beginning of each block, with a ramping period of 20 s at the onset and offset. This procedure ensured that, in both Real and Sham conditions, subjects experienced the same sensations associated with the onset of tDCS (e.g., tingling sensation) (Gandiga et al., 2006) . A summary of the stimulation parameters (guided by Ruff et al., 2013) and subject characteristics for each experiment are presented in Table 1 . In Experiment 1, the anode served as the active electrode and was placed over the right DLPFC (F4, according to the 10 -20 international system for electroencephalogram electrode placement). In Experiment 2, the anode was placed over the homologous contralateral area: left DLPFC (F3). In Experiment 3, the cathode served as the active electrode and was placed over the right DLPFC. Experiment 4 was a replication of Experiment 1; therefore, the anode again served as the active electrode and was placed over the right DLPFC. The reference electrode was placed over the vertex (Cz) in all experiments.
At the end of both Real and Sham stimulation, we asked subjects to provide details on the sensations they experienced by completing a questionnaire developed by Fertonani et al. (2011) .
Statistical analysis. An aware error was defined as any commission error after which subjects pressed the "awareness" button within 3000 ms. On a small minority of trials, subjects made a double press of the "go-trial" (left) button after a No-go trial. Given that it was not possible to determine whether double responses in these instances reflected a failure to click the "awareness" (right) button in an attempt to signal an error, or an accidental double click of the "go-trial" button, we elected to exclude all such double responses from our calculation of error awareness. The effect of tDCS on error awareness and withholding accuracy were assessed using repeated-measures ANOVA. Given that previous studies using the EAT have identified better error awareness for Stroop compared with Repeat No-go trials (O'Connell et al., 2007 , we analyzed the effect of tDCS on each of these trial types separately. We therefore included "Intervention" (Real versus Sham tDCS) and "No-go trial type" (Repeat vs Stroop) as within-subject factors. Significant interactions were followed up with paired samples t tests. The effect sizes (Cohen's d) of Real compared with Sham tDCS were also computed. The effect of tDCS on all other EAT variables (i.e., mean Go-trial response time (ms); response time coefficient of variation (ms); mean stimulus duration (ms); mean awareness response time (ms)) was examined using one-way ANOVA. The data from Experiment 1 combined with the data from Experiment 4 (the replication experiment) afforded a sufficiently large sample to investigate whether variables, such as age (Ridding and Ziemann, 2010) and years of education (Berryhill and Jones, 2012) , played a role in responsiveness to the tDCS intervention. Response to the intervention was indexed as the difference score between error awareness for Repeat No-go trials at Real versus Sham stimulation conditions. The Pearson's r correlation coefficient between response to the intervention and age, and response to the intervention and years of education were calculated separately to assess the respective relationships. We were also interested in examining whether the effects of the intervention increased or decreased over the duration of the stimulation. To this end, we split performance on the EAT into two halves consisting of the first two blocks and the first half of the third block versus the last two blocks and the latter half of the third block. We then conducted an ANOVA with "Intervention" (Real vs Sham tDCS) and "Half" (First vs Second half) as within-subject factors.
Results
The means and SDs for performance indices on the EAT for Real and Sham stimulation in each of the experiments are provided in Table 2 . Fig. 1 ). There was no main effect of tDCS on withholding accuracy ( p ϭ 0.6), and there was no Intervention ϫ No-go trial type interaction ( p ϭ 0.6), indicating that the adaptive adjustment of task difficulty was successful. There was also no effect of tDCS on mean Go-trial response time, response time coefficient of variation, or mean stimulus duration (all p Ͼ 0.05). Therefore, anodal tDCS applied to the right DLPFC was associated with a specific improvement in error awareness for Repeat No-go trials.
Main effects of No-go trial type were observed for both error awareness (F (1,23) (F (1,23) ϭ 3.13, p ϭ 0.09, two-tailed) reaching trend levels of significance when two-tailed thresholds were applied, and reaching significance when one-tailed thresholds were applied. The paired sample t tests indicated that tDCS produced a significant improvement in error awareness for Repeat No-go trials (t (23) ϭ 2.05, p ϭ 0.052, d ϭ 0.42) that was absent for Stroop No-go trials ( p ϭ 0.5, d ϭ Ϫ0.13). There was no effect of tDCS on any other task variables (all p Ͼ 0.05). Therefore, anodal tDCS applied over the right DLPFC was once again associated with a specific improvement in error awareness for Repeat No-go trails.
When the data for Experiments 1 and 4 were combined, we observed a significant main effect of Intervention (F (1,47) ϭ 9.21, p ϭ 0.004, d ϭ 0.41) and a significant Intervention ϫ No-go trial type interaction (F (1,47) ϭ 7.55, p ϭ 0.008) with follow-up tests indicating significant improvement in error awareness for Repeat No-go trials (t (47) ϭ 3.24, p ϭ 0.002, d ϭ 0.47) but no significant changes for Stroop No-go trials (p ϭ 0.5, d ϭ Ϫ0.10). Again, there was no effect of tDCS on any other task variables (all p Ͼ 0.05). Although there was a significant improvement in error awareness for Repeat No-go trials at the group level, we observed that there were a number of subjects for whom there was either no change, or a deterioration, with anodal tDCS (Fig. 3) .
Moderating factors
Considering there was substantial variability in response to the intervention, we sought to examine whether factors, such as age or years of education, had a moderating role in the observed effects. Given the ceiling effects for Stroop No-go trials, response to the intervention was considered in terms of changes in error awareness for Repeat No-go trials only. There was no association between response to the intervention and age ( p ϭ 0.7), but there was a nonsignificant trend toward a positive correlation between response to the intervention and years of education (r ϭ 0.278, p ϭ 0.055). We were also interested in examining whether the effects of the intervention varied as function of stimulation duration. The analysis of time on task effects revealed a main effect for Intervention ( p ϭ 0.008) and a main effect for half ( p ϭ 0.001) such that error awareness for Repeat No-go trials decreased with time-on-task. There was no intervention ϫ half interaction ( p ϭ 0.2).
Sensations questionnaire
The results of the sensations questionnaire indicated that all subjects tolerated the stimulation without discomfort. Although no strong sensations were reported, Real compared with Sham anodal stimulation was associated with greater levels of "itchiness" for the three anodal stimulation studies (all p Ͻ 0.05). No other sensation was perceived to differ across the Real and Sham conditions (all p Ͼ 0.05). To determine whether the perceived itchiness was associated with the performance-facilitating effect of tDCS, we examined the correlation between the intensity of the perceived itchiness and levels of error awareness at Real stimulation. This analysis revealed no significant association between perceived itchiness and overall error awareness or repeat error awareness for any of the experiments (all p Ͼ 0.05). The results of the sensations questionnaire therefore indicate that perceived sensation did not influence performance.
Discussion
In the present study, we aimed to assess whether the application of tDCS over right DLPFC could modulate older adults' awareness of their performance errors. In two separate experiments, we demonstrated a reliable increase in the number of errors that were signaled by older adults during anodal stimulation to right DLPFC, relative to Sham stimulation. We observed increases of 12% and 10% in error awareness for Repeat No-go trials in Experiments 1 and 4, respectively. The improvement in error awareness could not be accounted for by changes in accuracy or slowed response times, as both of these task variables remained unchanged across Real and Sham stimulation conditions. We additionally demonstrated that, although anodal tDCS stimulation was effective when applied to right DLFPC, no change in performance was observed when left DLPFC was targeted. Our study therefore provides novel evidence that DLPFC regions subserving error awareness are predominantly lateralized to the right hemisphere.
The EAT involves two distinct No-go trial types: a design feature that is included to increase the overall error rate and hence to increase the probability that some errors will go unnoticed . tDCS-related improvements in error awareness were only evident for Repeat No-go trials. This observation merits consideration of whether tDCS affected a cognitive process that is specific to Repeat No-go trials. For instance, it may be argued that Repeat No-go relies more on memory than Stroop No-go, and the observed tDCS related improvements may therefore be the result of improved memory capacity. However, this does not reconcile with the fact that awareness and error rates are uncorrelated , that task difficulty and performance accuracy did not vary across Real and Sham conditions, and the observation that awareness on the EAT correlates with awareness of cognitive function in everyday life (Harty et al.,  2013) . A more plausible explanation for the absence of an effect . Subjects were required to make a button press ("A") to all congruent stimuli (word and color matching) and to withhold from responding to incongruent stimuli (Stroop No-go) or when a word was repeated on consecutive trials (Repeat No-go). Subjects were also required to press a separate button ("B") as soon as possible after commission errors to signal error awareness.
on Stroop No-go may be that performance was close to ceiling (average of 91% across all experiments), likely leaving little room for any further improvements. Previous work suggests that tDCSinduced improvements may not be observed when baseline levels of performance are already high (Kang et al., 2009) , and that facilitatory effects are more pronounced when there are greater levels of impairment .
Cathodal stimulation over right DLPFC did not induce any behavioral changes, relative to Sham stimulation. This finding is consistent with several other studies that have failed to modulate cognitive functions using cathodal tDCS (Fregni et Miniussi et al., 2013) . For instance, the significant cytoarchitectonic differences between neurons in the motor and frontal cortices are likely to play a role in the differential sensitivity of motor and cognitive functions to changes based on the direction of the current flow. The impact of tDCS may also depend on the initial state of neuronal activation. Although anodal stimulation might precipitate cognitive enhancement by boosting the excitability of neurons that by default are not reaching the threshold to contribute to the cognitive function, cathodal stimulation might not be sufficient to significantly impede the firing of neurons that are already activated by engaging in the cognitive task (Miniussi et al., 2013) . The absence of cathodal stimulation effects on behavior might also reflect the compensatory recruitment of other regions within the cognitive networks (Jacobson et al., 2012) .
Because tDCS is associated with sensations at the electrode site (Gandiga et al., 2006) , there is a potential concern that greater somatic stimulation might induce expectancy effects. To investigate the relationship between expectancy and behavior, we examined the correspondence between perceived sensations induced by tDCS and error awareness at Real and Sham conditions. Although no strong sensations were reported, Real tDCS did induce more itchiness compared with Sham tDCS across Experiments 1, 2, and 4. However, there was no association between the intensity of subjects' perceived itchiness and levels of error awareness for Real tDCS, for any of the experiments. Furthermore, if perceived itchiness was the basis for the improvement in error awareness for Experiments 1 and 4, the perceived itchiness in Experiment 2 should have been associated with comparable improvements in error awareness. These findings indicate that the facilitatory effects of tDCS were not linked to perceived sensations or expectancy.
The finding that anodal tDCS produced an effect when applied over right, but not left, DLPFC provides new evidence for a dominant role of right DLPFC in mediating awareness. Although this finding is highly consistent with the clinical and brain lesion literature (Reed et al., 1993; Starkstein et al., 1995; Antoine et al., 2004; Shad et al., 2004 Shad et al., , 2006 Harwood et al., 2005; Mendez and Shapira, 2005; Hoerold et al., 2013) , it does not reconcile directly with event-related functional imaging work in which right DLPFC is often not implicated in error awareness (Debener et al., 2005; Klein et al., 2007) . However, event-related functional imaging research to date has focused on error-evoked activations. Although this approach serves to isolate structures that are activated during the processing of an erroneous action, awareness may be largely determined by adaptive neural activity before target onset. For example, previous research has demonstrated a close relationship between the ability to maintain a vigilant state and error awareness (McAvinue et al., 2005 , Shalgi et al., 2007 O'Keefe et al., 2007; Hoerold et al., 2013; Robertson, 2010; Harty et al., 2013) . Nonetheless, it is clear that several other regions are implicated in error awareness, so it remains to be seen whether right DLPFC is the only stimulation site through which such gains can be achieved.
It is also important to consider the potential influence of changes in neural excitability under the reference electrode (e.g., Nitsche et al., 2007) . Considering that no effects of stimulation were observed in Experiment 2, where the reference electrode was also placed over Cz, the observed effects are unlikely to be the result of neuromodulatory changes in the vicinity of the reference electrode. In addition, the scalp location Cz corresponds to the confluence of the right and left central sulcus, which has not been implicated in any study of error awareness to date. That said, we cannot be sure about precisely how lateral or anterior the rightlateralized stimulation effects were. Although no modeling study to date has simulated the electrode montage used in the present study, studies have shown that similar montages result in diffuse current flow through the brain (Sadleir et al., 2010) . Therefore, we cannot rule out the possibility that the performance facilitating effect of tDCS was mediated through stimulation of other brain regions aside from right DLPFC. It will be of value for future research to combine tDCS, neuroimaging, and modeling to help clarify how tDCS is influencing the underlying cortex and modulating error awareness.
It will also be important for future studies to examine the extent to which these findings generalize to populations other than older adults. Although there is compelling evidence of a strong association between the capacity for awareness and right DLPFC across several different populations, research also suggests that the natural aging process is associated with a general increase in frontal lobe recruitment (e.g., Davis et al., 2008) . Considering this, it is important to acknowledge the possibility that the observed facilitatory effects of tDCS on error awareness may to some degree be attributable to functional reorganization in the aging brain.
Although the present study has demonstrated that a single session of anodal tDCS can result in immediate improvements in error awareness, the maintenance of the effect beyond the period of stimulation was not assessed. Further work will therefore be required to determine the viability of tDCS as a tool for the longterm remediation of awareness deficits. Encouragingly, previous studies have shown that, after five consecutive sessions of anodal tDCS, the induced gains can persist for at least several weeks after stimulation . The translational potential of these findings is also presently limited by the substantial interindividual variability in response to the tDCS. Previous work has already highlighted several factors that may contribute to this kind of variability, including subject-specific anatomy (Datta et al., 2012), age (Ridding and Ziemann, 2010), and years of education (Berryhill and Jones, 2012) . Improving our understanding of these, and other determinants, will be critical for the application of these findings to clinical rehabilitation.
Our findings have both theoretical and practical implications. From a theoretical perspective, our findings support the view that right lateralized DLPFC structures play a critical role in mediating awareness of cognitive performance. At the translational level, the observed facilitatory effect of tDCS may be fruitful as a preliminary step toward optimizing tDCS as a tool to enhance error awareness in older adults, as well as other clinical populations afflicted by error awareness deficits. Importantly, we have previously established that error awareness on the EAT is representative of awareness on real-word tasks (Harty et al., 2013) . Prioritizing the remediation of error awareness deficits may indeed confer benefits to other cognitive functions by providing impetus to implement compensatory strategies, or fostering willingness to engage in, and adhere to, therapeutic interventions.
